ABSTRACT: We considered thermal environment and UV-B radiation indices in the Vojvodina region, Serbia. We derived an empirical formula for estimating the daily sum of the UV-B from global radiation and used this formula to reconstruct the UV-B radiation pattern for . We describe the actual climate conditions for the period 1992−2008. In addition, we applied a statistical downscaling technique on ECHAM5 outputs under the A2 scenario to assess the 2040 climate. The results indicate that a warmer and drier climate in the Vojvodina region can be expected because of the following evidence: an increase in the mean annual temperature (8.6 to 12.3%) and in the frequency of hot days (29.4 to 50%); a decrease in the mean annual precipitation (8.1 to 14.2%) and in the frequency of cold days (11.8 to 27.8%); a higher increase in the mean temperature for the colder period (24.9%) than for the hotter one (6.7%); and a reduction in precipitation during the growing season (15.7%). We have analyzed the thermal environment for the period 1992 −2008 using the wind chill index and the heat index for the winter (December to February) and summer (June to August) periods. In all places, the heat index has a tendency for growth. We determined an increase in the daily UV-B dose in an amount of 3.7% per decade. Even though there is some evidence indicating ozone stabilization, there are no signs of a significant recovery of ozone layer thickness, so it can be expected that UV-B dose levels will remain high in the future. 
INTRODUCTION
Global climate change will lead to shifts in climate (IPCC 2007a) and will have manifold im pacts on ecosystems in the coming decades (e.g. IPCC 2007b) . A change in climatic conditions and variability, for example, extreme weather events (heat waves and droughts), is likely to occur more frequently in different spatial and time scales in the future (e.g. Mearns et al. 1997 , Meehl & Tebaldi 2004 , Rowell & Jones 2006 , Beniston et al. 2007 , Vidale et al. 2007 , Laprise 2008 . Therefore, assessments of climate change impacts on agro-ecosystem resources and functions (water, climatic stresses, soil and landscape functions), the occurrence of new pests and plant diseases, and public health and potential adaptation measures at different spatial and time scales are important issues in climate change research (e.g. McMichael et al. 2003 , Diffenbaugh et al. 2008 , Eitzinger et al. 2009 , Nemet 2010 , Zhang & Cai 2011 .
It is expected that climate change, among other factors, will have the following effects on human activities and quality of life: (1) extreme hot and cold conditions as the most significant factors in terms of human mortality and morbidity (Michelozzi et al. 2007 , WHO 2008 , Anderson & Bell 2009 , Guo et al. 2012 ); (2) pronounced changes in the thermal complex, comprising meteorological elements that will have a thermo-physiological effect on humans (Matza Neale et al. 2003 , De Fabo et al. 2004 , Diffey 2004 , Lucas et al. 2006 . Solar UV radiation, especially in the UV-B range, which is strongly influenced by the ozone content in the atmosphere, has a large impact on life and materials on Earth (UNEP 2003) . Although stratospheric ozone ceased its decline in 1996, primarily due to a reduction in chlorofluorocarbon (CFC) production (WMO 2011) , elevated levels of harmful UV radiation are still regarded as a cause for concern. Because of the increasing concerns for humans and living organisms, it is necessary to (1) monitor and forecast UV-B radiation and (2) obtain data on UV radiation in the past to enable estimation of the long-term biological effects of this radiation (Reuder & Koepke 2005 , Malinovic-Milicevic & Mihailovic 2011 . To assess the severity of climate change effects on humans in terms of the effect of single climatic parameters, it is necessary to explore biometeorological indices, such as quantifiers of climate change effects. According to the WMO (2004) , the relationship between climatic conditions, human activities and quality of life can be analyzed through the effect of UV-B radiation and the complex conditions of heat exchange, i.e. the thermal environment and air pollution. Because air pollution influences the UV-B dose and the thermal environment, all 3 factors have a synergistic impact on the aforementioned issues.
1 The term 'thermal environment' encompasses both atmospheric heat exchanges with the body and the body's physiological response. The term 'thermal environment' will henceforth include the effect of humidity and wind speed.
In this study we attempt to estimate the thermal environment and UV-B radiation indices in the Vojvodina region (northern Serbia). There are several studies that elaborate climate change issues for this region through (1) dynamic and statistical downscaling (Djurdjevic & Rajkovic 2008 , Lalic et al. 2012 , Rajkovic et al. 2012 ) and (2) examining the effect of of climate change on crop yield (Lalic et al. 2012) , the mosquito population (Petric et al. 2012) , predominant enterovirus serotypes (Hrnjakovic et al. 2012) , pests and plant diseases (Jev tic et al. 2012 ) and forests (Orlovic et al. 2012 ). Here we address the thermal environment and UV-B radiation indices, focusing on the spectrum of climate change issues that are highly important for this region. Pollution effects are not addressed in this study Some key results presented here are based on surveys and case studies on climate change and on its influence on the environment, performed during the projects FP6 'ADAGIO ' (2007− 2009) (Eitzinger et al. 2009 ) and 'Studying climate change and its influence on the environment: im pacts, adaptation and mitigation' (2011 to 2014) (Mihai lo vic 2012).
MATERIALS AND METHODS

Location and actual climate
The Vojvodina region is situated in the northern part of Serbia and the southern part of the Pannonian lowland (44°37'−46°11' N, 18°51'−21°33' E, and 75− 641 m above sea level [a.s.l.] , with the Fruska Gora mountains in the south). The region is the most important food production area in Serbia, with a total surface area of 21 500 km 2 ( Fig. 1 ) and a population of 2 million. The region has a continental climate, with some elements of a sub-humid and thermal climate (Katic et al. 1979) . The mountains partially surrounding the Pannonian lowland have a significant effect on the basic climate characteristics of this lowland. However, exposure to air masses coming from the north and west, together with a huge range of temperatures throughout the year, means that the continental characteristics of Vojvodina's climate are more pronounced, particularly in the summer and winter (Lalic et al. 2011) . The mean annual temperature is 11°C, and the mean annual precipitation is 602 mm (Mihailovic et al. 2004 ). According to Mihailovic et al. (2008) , the Koppen climate formula for this re gion is Cfwbx", where C = mild temperate/ mesothermal climate; f = significant precipitation during all seasons; w = dry winters, i.e. the driest winter month's average precipitation is <1/10 the wettest summer month's average; b = warmest month's average is < 22°C (but there are at least 4 mo averaging >10°C); and x" indicates that the second precipitation maximum occurs in autumn (Kottek et al. 2006) .
1 From the monitoring reports for 7 cities in the Vojvodina region (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) , it can be observed that traditional household heating, traffic and -partly -industry significantly influence air pollution through SO 2 , NO 2 and black smoke (BS) pollutants. According to Malinovic-Milicevic (2012) , the mean annual concentrations of these pollutants do not yet exceed critical levels, although elevated levels can nevertheless occur during the day
Data sources
To describe the actual climate conditions in the Vojvodina region, we used data from the weather station network of the Republic Hydrometeorological Institute of Serbia for Novi Sad, Subotica, Sombor, Kikinda, Zrenjanin, Banatski Karlovac and Sremska Mitrovica for the reference period 1992−2008 (referred to as RP92-08). All of these stations are predominantly located in rural areas and provide continuous daily data, including maximum and minimum temperatures, sunshine hours, precipitation, mean daily water vapor pressure and wind speed. We calculated the (1) mean annual temperature, (2) mean annual precipitation, (3) mean temperature for the hot (April to September) period and (4) for the cold period (October to March), (5) mean precipitation for the hot and (6) cold period, and (7) frequency of hot (T max > 30°C) and (8) cold days (T max < 0°C).
Data on expected climate conditions were obtained by applying a statistical downscaling technique on out puts used from the global climate model (GCM). The GCM used in this paper was developed at the Max-Planck Institute for Meteorology (ECHAM5) (Roeckner et al. 2003) . The first step in an assessment of climate change effects on humans and their activities, and on living organisms is the downscaling of climate model outputs. For this purpose, either statistical or dynamical downscaling techniques are used. To synthesize the daily weather data series, the Met&Roll weather generator (Dubrovsky 1996 (Dubrovsky , 1997 was used to statistically downscale the ECHAM5 model outputs using the A2 scenario for greenhouse gas emissions for the year 2040 (referred to as PY2040). The change in global mean temperature is estimated using the middle (2.6°C) climate sensitivity. To calibrate and validate the Met&Roll weather generator, we analyzed 4 variable weather data series (daily sum of global radiation, maximum and minimum daily temperature, wind speed and water vapor pressure daily average) for the main climatic stations in the Vojvodina region. More details about these procedures can be found in Lalic et al. (2012) .
The thermal complex was analyzed using indices recommended by the WMO (2004), i.e. the wind chill index (WCI) and the heat index (HI). The WCI is commonly used as a winter-time index to measure the heat that the atmosphere is capable of absorbing from an exposed surface. It was calculated according to Osczevski & Bluestein (2005) ). The HI is a measure of how hot it feels when a certain ambient temperature and humidity are combined. It was calculated using the US National Climatic Data Centre (NCDC) formula and table generated by Steadman (1979 Steadman ( , 1984 : (2) where T F is air temperature in °F and RH is relative humidity in %. This formula is effective when the air Due to the lack of measurement sites for UV-B radiation and the UV index (UVI) in the Vojvodina re gion, for the purpose of this paper we have in cluded (1) values measured in Novi Sad (45.33°N, 19.85°E, 84 m a.s.l.) using the broadband Yankee UVB-1 biometer, (2) values calculated using the parametric numerical model NEOPLANTA (Malinovic et al. 2006 , Malinovic-Milicevic & Mihailovic 2011 and (3) Finally, we briefly discuss the accuracy of the methods used in this paper. Taking into account the error for the calibration constant and the error of quantization and conversion to erythemal weighted UV-B irradiance, the estimated maximal error of the UV-B measurements is < 9% (Malinovic et al. 2006) . The accuracy of the NEOPLANTA model was tested by comparing the calculated and measured UVI. A simple inspection of the data indicates that the absolute difference between the model outputs and measurements (cloudiness ≤0.2) was in the interval ± 0.5 UVI for 95% of the data (Malinovic et al. 2006) . Under all amounts of cloudiness, a strong Pearson correlation of 0.85 was found between the measured data and the NEOPLANTA outputs (MalinovicMilicevic & Mihailovic 2011) . Finally, verification of empirical Eq. (3) was performed by comparing the standard deviations and the Pearson coefficient of correlation between the calculated and measured values. A very strong Pearson correlation (0.96) and a small difference between standard deviations (3.7%) indicate the reliability of this formula (MalinovicMilicevic 2012) .
RESULTS AND DISCUSSION
Comparison of the actual climate with the climate projection (A2 scenario)
Over the last 50 yr, atmospheric warming has accelerated in the Vojvodina region. During the 1981− 2008 period, records indicate a strong temperature gradient in the SE−NW direction as well as positive and negative precipitation trends. One possible explanation for the occurrence of these trends is the increased number of extreme weather events during this period. For example, in Novi Sad in 1999, due to a few extreme precipitation events, the annual precipitation was 50% above the long-term average, whereas in 2000, the annual precipitation was 50% below the long-term average due to an extremely dry spring and summer. Thus the most pronounced characteristic of the climate in the Vojvodina region during the RP92-08 period was an increased variability, particularly for precipitation (Lalic et al. 2012 ). The mean annual temperature during the RP92-08 period was 11.6°C, whereas the mean annual precipitation was 605.2 mm. The comparison of the PY2040 model outputs against the observations for the RP92-08 period (Fig. 2) indicate that a warmer and drier climate in the Vojvodina re gion can be expected in the future. More specifically, Fig. 2 indicates the following (1) there will be an increasing trend in mean annual temperature (Novi Sad: 8.6% to Sombor: 12.3%) (Fig. 2a) , (2) the mean annual precipitation will have a decreasing trend (in the range of Zrenjanin: 8.1% to Novi Sad and Banatski Karlovac: 14.2%) (Fig. 2b) , (3) the frequency of hot days will be higher (from Novi Sad: 29.4% to Sombor: 50%) (Fig. 2c) and (4) the frequency of cold days will decrease (in the range of Sombor: 11.8% to Banatski Karlovac: 27.8%) (Fig. 2d) . Calculations from the model outputs also in dicate (1) a higher increase, on average, of the mean temperature for the cold period (24.9%) compared to the mean temperature of the hot period (6.7%) and (2) a reduction in precipitation during the growing season (15.7%).
Thermal complex
The monthly distribution for the absolute daily maximum heat index (HI ad ) and minimum wind chill index (WCI ad ) (Li & Chan 2000) over the RP92-08 period is depicted in Fig. 3 , respectively. The thermal conditions described by the WCI and HI are more pronounced during the winter (December to February) and summer (June to August) months. Therefore, the mean WCI and HI values for these periods are the best indicators of average thermal conditions. Their spatial distributions are presented in Fig. 4 . From this figure, it is observable that Kikinda and Subotica are places with unfavorable To analyze the long-term trends of the WCI and HI during the winter and summer months in the Vojvodina region for the RP92-08 period, we used linear regression. The WCI trend (Fig. 5a ) decreases going towards the north, with a value of -0.01°C yr -1 at Kikinda and Subotica. The belt extending from the central towards the northwestern region has the highest values (0.06°C yr −1 maximum). From Fig. 5b , it can be observed that the highest growth for the HI is around Zrenjanin (0.04°C yr −1 ). From this area, a tendency of decreasing HI in all directions is evident. However, this trend is more enhanced in the northwest to southeast direction.
UV radiation
To investigate the long-term trend for UV-B radiation in the Vojvodina region, we calculated the annual averages for the estimated daily UV-B dose and total ozone for 1981 to 2008 using Eq. (3) and then averaged these values over all 7 sites. The annual ozone amount was calculated using the daily values for Novi Sad, which were measured using a total ozone mapping spectrometer and the ozone monitoring instrument on NASA satellites (Nimbus-7, Meteor-3 and Earth Probe Aura) (NASA 2010). In further calculations, this value is used as a representative one for other places. The annual averages for the estimated daily UV-B dose and the total calculated ozone trends are depicted in Fig. 6a . To determine the significance level (p) of each trend, we used the Mann−Kendall nonparametric test (Yue & Pilon 2004 , Helsel & Frans 2006 . This figure shows (1) (CCSP 2008) , an increase in the total ozone content between 60°N and 60°S is expected in response to the decrease in halogen loading, and is expected to be 2% above the 1980 values by 2100. According to the WMO (2011), measurements from some stations in unpolluted locations indicate that the UV radiation levels have been de creasing since the late 1990s. However, at some Northern Hemisphere stations, UV-B radiation is still increasing as a consequence of long-term changes to other factors that also affect UV-B radiation (WMO 2011).
In Fig. 6b , the annual variations in the daily averaged UV-B dose and monthly mean absolute daily maximum for the period 1981−2008 are de picted. The daily averaged UV-B dose is between 2.062 (December) and 58.773 kJ m -2 (June). The seasonal changes in the daily averaged UV-B dose are a result of differences in the daylight duration and solar zenith angle, whereas the daily changes are predominantly the result of changes in cloudiness and the ozone amount. The largest part of the annual dose of UV-B radiation in the Vojvodina region (~78%) occurs between April and September. The highest absolute maxima are recorded in June and July, and have remarkably larger values in May than in August. The UV-B dose extremes are a very useful parameter for planning human activities, for analyzing the quality of life and for different purposes in agriculture. Therefore, we focused our analyses on the hot period (April to September), which is when the UV-B doses reaching the ground in the Vojvodina region are the largest. We calculated the daily UV-B doses for the hot period during the period 1981− 2008 using Eq. (3) and the corresponding linear trends per decade for all 7 sites to obtain maps for the Vojvodina region. From Fig. 7a , it can be observed that small differences exist in the daily UV-B dose values for the hot period between sites (~3%). A further inspection of this figure indicates that the highest values of daily UV-B doses for the hot period are in the eastern part of the region (Banatski Karlovac and Kikinda: 45.146 kJ m -2 ), whereas the lowest are in the western part of the Vojvodina region (43.842 kJ m -2 for Sombor). Finally, Fig. 7b shows that the highest trends of daily UV-B doses for the hot period are in Novi Sad (5.6%) and Zrenjanin (5.1%), whereas the lowest trend is in Banatski Karlovac (3.3%). 
CONCLUSIONS
In this study, we considered the thermal environment and UV-B radiation indices in the Vojvodina region, Serbia to offer evidence for assessing the direct and indirect effects of climate change on human activities in this region. The following points can be made.
(1) We described actual climate conditions using data from the network of the Republic Hydrometeorological Institute of Serbia for 7 sites for the period 1992−2008 (Cfwbx" formula, according to Koppen classification).
(2) We applied a statistical downscaling technique on outputs used from the ECHAM5 under the A2 scenario to make a projection on the climate for the year 2040, which indicates that in the future, a warmer and drier climate in the Vojvodina region can be expected. From the evidence, which is ex pressed through ranges of spatial changes, it can be ob served that (i) the mean annual temperature (8.6 to 12.3%) and frequency of hot days will increase (29.4 to 50%); (ii) the mean annual precipitation (8.1 to 14.2%) and frequency of cold days will decrease (11.8 to 27.8%); (iii) the mean temperature for the cold period (24.9%) will increase more significantly compared to the mean temperature for the hot one (6.7%); and (iv) a reduction in precipitation will occur in the growing season (15.7%).
(3) We analyzed the thermal complex during the period 1992−2008 using indices recommended by the WMO, i.e. the WCI and HI for the winter (December to February) and summer (June to August) periods.
At all sites, HI has a tendency to increase. The cities Kikinda and Subotica have the most unfavorable thermal conditions (the lowest WCI and highest HI) in the Vojvodina region.
(4) We analyzed the trend for the UV-B dose using (i) values measured in Novi Sad (Yankee UVB-1 biometer), (ii) values calculated using the parametric numerical model NEOPLANTA and (iii) values calculated using an empirical formula we derived on the basis of a linear correlation between the daily UV-B dose and the daily sum of the global solar radiation. We propose that this method will be useful for establishing time series of the UV-B doses in regions with a sparse distribution of places in the network for monitoring UV-B radiation. We determined an increase in UV-B of 3.7% decade −1 . However, even though there is some evidence indicating ozone stabilization, there are no signs of a significant recovery of ozone layer thickness. Therefore, it can be ex pected that UV-B dose levels will remain high in the future.
Acknowledgements. The research presented in this paper was performed as a part of the project 'Studying climate change and its influence on the environment: impacts, adaptation and mitigation ' (No. III 43007) , supported by the Ministry of Education and Science of the Republic of Serbia within the framework of integrated and interdisciplinary research over the period 2011−2014. The authors are grateful to the Provincial Secretariat for Science and Technological Development of Vojvodina for the support under the project 'Climate projections for the Vojvodina region up to 2030 using a regional climate model ' (Project no. 114-451-2151 ' (Project no. 114-451- / 2011 . Some of this research was conducted as a part of activities in the framework of the Transport and Urban Development COST Action TU0902. 
